A study of wafer-level hermetic bonding using sub-micron gold particles with a mean diameter of 0.3 μm was conducted at bonding temperatures of 150-200°C with varying bonding pressures in the range of 50-100 MPa. 4.5 mm-square, 10 μm-100 μm-wide sealing line patterns of sub-micron Au particles were formed on glass wafers by means of waferlevel processing using photolithography and a slurry-filling technique. The tensile bond strength was measured with a stud-pull method using 5 mm × 5 mm chips and exhibited as > 20 MPa. A preliminary hermeticity test was performed by immersing the bonded wafer pairs into a low-viscosity liquid and it was confirmed that the sealing lines with widths as thin as 20 μm showed a good sealing property against the liquid. The result demonstrated the feasibility of this lowtemperature wafer bonding process using sub-micron Au particles, which could achieve hermetic sealing with absorbing a micron-level surface roughness and/or topography.
Introduction
Metal-to-metal wafer bonding has recently been increasingly studied in the field of MEMS packaging since the technique could decrease the sealing line area which would result in the chip size reduction, realize hermetic sealing, and also enable electrical interconnections between the two bonded wafers. [1, 2] Low-temperature wafer bonding has also become important for various purposes such as reducing the post-bond residual stress at mechanical structures in MEMS devices, and preventing bowing or cracks when bonding materials with dissimilar coefficients of thermal expansion (CTE).
In order to lower the bonding temperature, sub-micron or nano-scale metal particles, such as gold, silver, and copper, have been tested since they are reactive at low temperatures due to their very active surfaces. [3] [4] [5] [6] Wafer bonding with these metal particles has another advantage of being able to adapt to a certain level of surface roughness and/or topography at the bonding surfaces in contrast to bonding with thin metal films, which requires nanometer-order surface smoothness. It was observed in a previous study that micro-bumps formed of sintered submicron Au particles could be bonded at 230°C with a thermocompression method and exhibited a good bonding strength. [3] In this paper, a wafer-level patterning and lowtemperature wafer bonding with sub-micron Au particles were studied and the feasibility of hermetic sealing was investigated.
Experimental Procedure

Materials and samples
The 99.95wt% purity, spherical sub-micron Au particles were obtained through a wet chemical processing method by mixing chloroauric acid solution with a reducing agent.
It was confirmed in the previous work that the obtained particles shown in Figure 1 consisted of individual gold particles without agglomeration and their diameters were in the range of 0.1 μm-0.5 μm. [3] Figure 2 shows the gold slurry which was prepared by mixing the water-rinsed sub- to 500°C with uniformity better than +/-1.5% across a 200 mm-diameter area. A contact force of up to 20 kN can be applied with a controlled ramp time.
Measurement
The thickness and surface roughness (average roughness, Ra) of the sub-micron Au particle sealing lines before bonding were measured with a laser microscope, VK-9710 (Keyence Corp.), at 28 points across the wafers.
The bonding strength was evaluated using 5 mm × 5 mm chips that were diced from the bonded wafers using the Stealth Dicing method. Tensile strength was measured using the stud-pull method on a universal mechanicalstrength tester, Romulus (Phototechnica Corp.), and the average values were calculated using three chips for each bonding condition. The bonding strength was calculated from the tensile force divided by the area of the submicron Au particle sealing line.
In order to check the sealing capability of the submicron Au bonding, the bonded wafer pairs were immersed into a low-viscosity hydrofluoroether liquid, Novec ® (Sumitomo 3M Ltd.), in a vacuum container evacuated down to 1 × 10 4 Pa. Gross leak can be easily checked by seeing whether the liquid flows into sealed areas or not. Figure 5 shows the result of the patterning of submicron Au particles using a photoresist mold layer. Photo (a) shows the photoresist patterns after the process step 1 described in Figure 3 Figure 7 shows a cross-section SEM image of a sealing line bonded at 200°C and 100 MPa. The photo demonstrates that the sub-micron Au particles were densified into a bulk solid when they were pressed at the elevated temperature. It has been observed in a previous work [3] that sub-micron Au particles start to be joined at their surfaces at temperatures as low as 70°C and grow to larger grains with increasing temperatures, and that they could be compressed into bulk Au with eliminating voids by applying pressure. It can be read from Table 1 Figure 9 shows a photograph of a bonded wafer after immersion in the low-viscosity liquid used to check the 
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Conclusion
Wafer-level patterning of sub-micron Au particles was carried out employing a photoresist mold and gold slurry.
Sealing line patterns with widths of 10 μm-100 μm and a pre-bonding height around 20 μm were formed with a height uniformity of 4.9% across the 100 mm-diameter wafer. The surface roughness of the sealing lines was measured as the average roughness, Ra, of 0.56 μm.
Low-temperature wafer bonding using sub-micron Au particles was performed at temperatures as low as 150°C. The yield of good sealing showed a maximum value of 91.2% with the sealing line width of 20 μm.
In order to improve the bonding quality, or bonding strength and sealing yield, it is important to realize wellfilled and smoother surface Au particle patterns.
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